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INTRODUCTION 

In p r a c t i c a l  pu lver ized  c o a l  combustors and g a s i f i e r s ,  p y r o l y s i s  occurs  i n  
conjunct ion  wi th  r a p i d  h e a t i n g  o f  t h e  c o a l ;  h e a t i n g  rates i n  excess of l,OOO°C/s 
be ing  common. One apparent  consequence of r a p i d  h e a t i n g  i s  t h a t  c r u c i a l  r e a c t i o n s  
occur  i n  t h e  f i r s t  few seconds o r  even mi l l i seconds  (1-3). This  i s  p a r t i a l l y  
r e s p o n s i b l e  f o r  the  s t r i n g e n t  requirements  a s s o c i a t e d  w i t h  an a c c e p t a b l e  exper i -  
mental  technique f o r  s tudying  t h e  k i n e t i c s  o f  r a p i d  c o a l  p y r o l y s i s .  
ments i n c l u d e  c o n t r o l l e d  r a p i d  hea t ing ,  i so thermal  r e a c t i o n ,  v a r i a t i o n  of r e a c t i o n  
t i m e  and r a p i d  quenching. In essence,  i t  is e s s e n t i a l  t o  have unambiguous r e a c t i o n  
h i s t o r y .  

The r e q u i r e -  

Two of t h e  techniques c u r r e n t l y  i n  use more o r  less s a t i s f y  t h e  requirements .  
One employs e s s e n t i a l l y  monolayer samples heated on a n  e l e c t r i c a l  g r i d  (l), and t h e  
o ther  u t i l i z e s  a f low of coa l  p a r t i c l e s  i n j e c t e d  i n t o  a preheated gas stream ( 2 , 3 ) .  
The latter technique i s  used i n  t h i s  l a b o r a t o r y .  The k i n e t i c s  of p y r o l y s i s  are 
most convenient ly  s t u d i e d  us ing  an i n e r t  atmosphere as t h e  pyrolyzing medium. This  
has  t h e  e f f e c t  of decoupl ing p y r o l y s i s  r e a c t i o n s  from o t h e r  heterogeneous g a s / s o l i d  
r e a c t i o n s  t h a t  occur  when a r e a c t i v e  atmosphere such  as H2 i s  used. 
are f o r  i so thermal  p y r o l y s i s  i n  N2 of a l i g n i t e  from t h e  Darco Seam i n  Texas. 
Temperatures vary from 700 t o  1 , O O O " C  and p a r t i c l e  s i z e  f r a c t i o n s ,  from 60 x 80 t o  
270 t o  400 mesh. 

Present  d a t a  

EXPERIMENTAL 

P y r o l y s i s  i s  performed i n  a n  e n t r a i n e d  flow, i so thermal  furnace  s i m i l a r  t o  
t h a t  descr ibed  by Nsakala and co-workers ( 3 )  which, i n  t u r n ,  i s  based on t h e  d e s i g n  
of Badzioch and Hawksley ( 4 ) .  It i s ,  i n  essence,  a v e r t i c a l  r e a c t o r  heated 
e l e c t r i c a l l y  and f o r  t h e  i n j e c t i o n  of  a d i l u t e  c o a l  s t ream i n t o  t h e  c e n t e r  of  a 
preheated gas stream. The ensuing mixing h e a t s  t h e  i n j e c t e d  s t ream a t  a r a t e  of 
about 10,OOO°C/s. 
c o a l  p a r t i c l e s  t o  t h e  furnace  tube  wal l .  A water-cooled sampling probe,  which i s  
i n s e r t e d  up the  a x i s  of t h e  furnace ,  c o l l e c t s  and r a p i d l y  quenches the  p a r t i c l e  
stream. The r e a c t o r  tube  i s  hea ted  uniformly s o  t h a t  p y r o l y s i s  is e s s e n t i a l l y  
contained i n  an i so thermal  reg ion .  Var iab le  p o s i t i o n i n g  of t h e  sampling probe 
a d j u s t s  t h e  r e a c t i o n  t i m e .  A schematic  of t h e  equipment i s  shown i n  F igure  1 and 
t h e  o p e r a t i n g  condi t ions  are given i n  Table  1. 

The i n j e c t o r  is designed t o  minimize migra t ion  and adherence of  

Weight l o s s  due t o  p y r o l y s i s  i s  determined us ing  proximate ash  as  a tracer. 
Data a r e  cor rec ted  f o r  t h e  e r r o r  a s s o c i a t e d  w i t h  t h i s  technique.  For t h e  Darco 
l i g n i t e  t h e  e r r o r  i s  less than 10% and i s  thought  t o  r e s u l t  from t h e  loss  of s u l f u r  
dur ing  p y r o l y s i s  (5) .  The proximate a n a l y s i s  of t h e  l i g n i t e  i s  given i n  Table 2 .  
P a r t i c l e  s i z e  f r a c t i o n s  are separa ted  by d r y  s i e v i n g  and charac te r ized  by t h e  
Rosin-Rammler technique ( 6 ) .  
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TABLE 1. OPERATING CONDITIONS 

-_ G a s  and Wall Temperature, "C 

Coal Feed Rate, g/min 

Mean G a s  Veloc i ty ,  m f s  

SecondaryIPrimary N2 

Coal Loading, w t %  

G a s  Reynolds Number 

700 800 900 

1 .0  1 . 0  1 .0  

1 . 1 2  1 . 1 2  1 . 1 2  

16.7 15.0 13.7 

2.2 2.5 2.7 

458 391 339 

- - -  1,000 

1 .0  

1.12 

12.5 

2.9 

298 

TABLE 2. PROXIMATE ANALYSIS OF THE DARCO LIGNITE 

as-received daf 
Mois ture ,  % 22.4 - - 
Ash, % 12.4 15.9 - 

Volati le Matter, % 33.3 43.0 50.2 

Fixed Carbon, % 31.9 41.1 49.8 

Equi l ibr ium Moisture  = 39.8% 

RESULTS 

A t y p i c a l  weight  loss v e r s u s  t i m e  curve  i s  shown i n  Figure 2 f o r  i so thermal  
p y r o l y s i s  a t  900OC. 
s i z e  over t h e  r a n g e  60 x 80 t o  270 x 400 mesh. 
p a r t i c l e  s i z e  i s  40 t o  200 pm. S imi la r  curves  are obta ined  a t  700, 800 and 1,OOO"C. 

Weight l o s s ,  hence p y r o l y s i s  r a t e ,  is independent of p a r t i c l e  
The corresponding range  i n  mean 

The maximum p o t e n t i a l  weight  l o s s  i n  t h e  i so thermal  furnace  i s  n o t  measurable 
by a s i n g l e  pass  because  of t h e  r e s t r i c t e d  r e s i d e n c e  t i m e .  It i s  c a l c u l a t e d  by 
t h e  method of  Badzioch and Hawksley ( 4 ) .  This  involves  e s t a b l i s h i n g  a r e l a t i o n s h i p  
between t h e  change i n  proximate v o l a t i l e  mat te r  between the  o r i g i n a l  dry-ash-free 
c o a l  and char  and weight  l o s s  due t o  p y r o l y s i s .  The der ived  r e l a t i o n s h i p  is 
linear; i t  is  e s s e n t i a l l y  p a r t i c l e  s i z e  (Figure 3) and temperature  independent 
(F igure  4 )  f o r  t h e  range of  opera t ing  condi t ions .  
of t h e  daf  c o a l ,  r e p r e s e n t i n g  a f r a c t i o n a l  i n c r e a s e  of  1 . 3  over  t h e  proximate 
v o l a t i l e  mat te r .  The weight l o s s  achieved by a s i n g l e  pass  i n  t h e  i so thermal  
furnace  a t  l,OOO°C and a t o t a l  r e s i d e n c e  time of 0 . 4 s i s  50% of t h e  daf  c o a l ,  
i n d i c a t i n g  about  80% completion of  p y r o l y s i s .  

The maximum weight l o s s  i s  66% 

A f i r s t - o r d e r  p l o t  f o r  p y r o l y s i s  a t  900°C i s  shown i n  F igure  5. A f e a t u r e  of 
t h e  curve is t h e  a p p a r e n t  d e l a y  i n  t h e  o n s e t  of  p y r o l y s i s  dur ing  heat-up of t h e  
P a r t i c l e s .  This  is i n  agreement with t h e  f i n d i n g s  of Jcntgen and Van Heek (7) .  
C o r r e l a t i n g  f i r s t - o r d e r  r a t e  c o n s t a n t s  by t h e  Arrhenius  express ion  (Figure 6) 
y i e l d s  a pseudo a c t i v a t i o n  energy of 7.7 kcal /mole and a pre-exponent ia l  f a c t o r  
of  92 s-l. 
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DISCUSSION 

Successfu l  d e s c r i p t i o n  of  t h e  k i n e t i c s  of p y r o l y s i s  up t o  80% completion by 
a s i n g l e  f i r s t - o r d e r  r e a c t i o n  equat ion  i s  not  i n c o n s i s t e n t  wi th  t h e  need f o r  a 
second equat ion  t o  d e s c r i b e  t h e  completion of p y r o l y s i s  as p o s t u l a t e d  by Nsakala 
and co-workers (3) .  This  d e r i v e s  from t h e  f a c t  t h a t  t h e  second component devola- 
t i l i z a t i o n  i s  assoc ia ted  mainly wi th  H2 l i b e r a t i o n  (E), which on a weight b a s i s  
accounts  f o r  on ly  about  5% of t h e  daf  coa l .  

The r e l a t i v e l y  low pseudo a c t i v a t i o n  energy i s  c o n s i s t e n t  wi th  t h e  d a t a  
presented by Anthony and Howard (9) .  
rate of p y r o l y s i s  f o r  t h e  Darco l i g n i t e  e s s e n t i a l l y  impl ies  t h e  absence of s i g -  
n i f i c a n t  h e a t  and mass t r a n s f e r  e f f e c t s .  
a s s o c i a t e d  wi th  these  p h y s i c a l  f a c t o r s ,  a n  a l t e r n a t i v e  explana t ion  is r e q u i r e d  
here. Howard and co-workers (1,9) provide a probable  explana t ion  i n  terms of a 
d i s t r i b u t i o n  of a c t i v a t i o n  energ ies  f o r  t h e  genera t ion  o f  d i f f e r e n t  v o l a t i l e  
spec ies .  
c o r r e l a t i o n  and about 50 kcal /mole i n  a m u l t i s t e p  model. 

The absence of p a r t i c l e  s i z e  e f f e c t s  on the  

Since low a c t i v a t i o n  energ ies  are u s u a l l y  

They o b t a i n  an a c t i v a t i o n  energy of  about  1 0  k c a l / m l e  i n  a s i n g l e - s t e p  

SUMMARY 

The present  work f u r t h e r  demonstrates  t h e  s u i t a b i l i t y  of t h e  e n t r a i n e d  f low 
i so thermal  furnace  f o r  s tudying  t h e  k i n e t i c s  of l i g n i t e  p y r o l y s i s .  
hea t ing  condi t ions  t h e r e  i s  a de lay  i n  t h e  o n s e t  on s i g n i f i c a n t  p y r o l y s i s  dur ing  
p a r t i c l e  heat-up. For t h e  Darco l i g n i t e ,  p y r o l y s i s  up t o  80% completion fo l lows  a 
s i n g l e  f i r s t - o r d e r  r e a c t i o n  equat ion;  b u t  a second equat ion  may b e  necessary t o  
d e s c r i b e  t h e  completion o f  p y r o l y s i s .  
than  1 0  kcal /mole and t h e  absence of  s i g n i f i c a n t  p a r t i c l e  s i z e  e f f e c t s  are n o t  
n e c e s s a r i l y  i n c o n s i s t e n t ,  as t h e  former may not n e c e s s a r i l y  i n d i c a t e  p h y s i c a l  
rate c o n t r o l .  

Under r a p i d  

The r e l a t i v e l y  low a c t i v a t i o n  energy of  less 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

8. 

9. 

ACKNOWLEDGEMENTS 

This  research  was supported by DOE on Contract  EX-76-C-01-2030. 

REFERENCES 

Anthony, D. B. ,  Howard, J. B . ,  H o t t e l ,  H. C . ,  and Meissner, H. P., F i f t e e n t h  
Symposium ( I n t e r n a t i o n a l )  on Combustion, The Combustion I n s t i t u t e ,  P i t t s b u r g h ,  
Pa., 1974. 

Kobayashi, H. ,  Howard, J. B. and S a r o f i n ,  A. F.. S i x t e e n t h  Symposium 
( I n t e r n a t i o n a l )  on Combustion, The Combustion I n s t i t u t e ,  P i t t s b u r g h ,  Pa., 1976. 

Nsakala, N . ,  Essenhigh, R. H .  and Walker, P .  L . ,  Jr . ,  Comb. Sc i .  and Tech., 
- 16,  153,  1977. 

Badzioch, S. and Hawksley, P. G. W . ,  Ind. Eng. Chem. Process  Des .  Develop., 
- 9,  521, 1970. 

Scaroni ,  A. W . ,  M.S. Thes is ,  Pennsylvania  S t a t e  Univers i ty ,  1979. 

Rosin, P. and Rammler, E . ,  J. I n s t .  Fuel ,  I, 29, 1933. 

JGntgen, H. and Van Heek, K. H.,  Fuel, 47, 103, 1968. 

Essenhigh, R. H. and Howard, J. B. ,  "Combustion Phenomena i n  Coal Dusts and 
t h e  Two Component Hypothesis of  Coal Cons t i tu t ion ,"  The Pennsylvania  S t a t e  
Univers i ty  S tudies  No. 131,  1965. 

Anthony, D. B. and Howard, J. B . ,  A.1.Ch.E.  Journa l ,  2, 625, 1976. 

125 



lCaol ond Primary Nitrogen 

Water-Cooled 

t 
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Figme 2. WEIGHT LOSS AS A FUNCTION OF RESIDENCE TIME OF LIGNITE IN REACTOR AT wO°C 
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Figwe 5. FIRST ORDER PLOT FOR DEVOLATILIZATION WEIGHT LOSS FOR LIGNITE AT 9W% 
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Figue 6. ARRHENIUS PLOT FOR LIGNITE DEVOLATILIZATION TREATED AS 
ONE STEP, FIRST-ORDER REACTION 
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